Complex effects of 17β-estradiol on mitochondrial function  by Thiede, Anika et al.
Biochimica et Biophysica Acta 1817 (2012) 1747–1753
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioComplex effects of 17β-estradiol on mitochondrial function☆
Anika Thiede a, Frank Norbert Gellerich a, Peter Schönfeld b, Detlef Siemen a,⁎
a Dept. of Neurology, Otto-von-Guericke-University Magdeburg, D-39120 Magdeburg, Germany
b Dept. of Biochemistry and Cell Biology, Otto-von-Guericke-University Magdeburg, D-39120 Magdeburg, GermanyAbbreviations: βE, 17β-estradiol; BK, mitochondrial
dogenous respiration; Po, probability of being in the ope
sition; PTP, permeability transition pore; RL, rat liver; RL
reactive oxygen species; VDAC, voltage dependent anio
☆ This article is part of a Special Issue entitled: 17th E
ence (EBEC 2012).
⁎ Corresponding author at: Dept. of Neurology, O.-v.-G
ziger Str. 44, D-39120 Magdeburg, Germany. Tel.: +49 3
290418.
E-mail address: detlef.siemen@med.ovgu.de (D. Siem
0005-2728/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.bbabio.2012.02.034a b s t r a c ta r t i c l e i n f oArticle history:
Received 20 December 2011
Received in revised form 23 February 2012
Accepted 25 February 2012






Mitochondrial respirationExisting literature on estradiol indicates that it affects mitochondrial functions at low micromolar concentra-
tions. Particularly blockade of the permeability transition pore (PTP) or modulation of the enzymatic activity
of one or more complexes of the respiratory chain were suspicious. We prepared mitoplasts from rat liver mi-
tochondria (RLM) to study by single-channel patch-clamp techniques the PTP, and from rat astrocytes to
study the potassium BK-channel said to modulate the PTP. Additionally, we measured respiration of intact
RLM. After application of 17β-estradiol (βE) our single-channel results reveal a transient increase of activity
of both, the BK-channel and the PTP followed by their powerful inhibition. Respiration measurements dem-
onstrate inhibition of the Ca2+-induced permeability transition, as well, though only at higher concentra-
tions (≥30 μM). At lower concentrations, we observed an increase of endogenous- and state 2-respiration.
Furthermore, we show that βE diminishes the phosphorylating respiration supported by complex
I-substrates (glutamate/malate) or by the complex II-substrate succinate. Taken together the results suggest
that βE affects mitochondria by several modes, including partial inhibition of the activities of ion channels of
the inner membrane and of respiration. This article is part of a Special Issue entitled: 17th European Bioen-
ergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
17β-estradiol (βE) is a steroid hormone existing in two enantio-
mers with distinct physiological effects [1]. Steroid hormones usually
enter the cells due to their lipophilic structure, thereafter, acting at
speciﬁc receptors, in this case βE-receptors, inside the cell as tran-
scription factors. One of the enantiomers binds less to the known
βE-receptors (ERα, ERβ) though having identical chemical properties.
Nevertheless, it has been reported that βE attenuates oxidative stress-
induced death in a murine hippocampal cell line [1]. Furthermore, βE
suppresses oxidative stress in PC12 cells as well as attenuates that of
isolated brain mitochondria [2]. Thus, there is some evidence that the
protective effects of estrogens are not necessarily associated with
binding to estrogen receptors and subsequently with transcriptional
activities but may also exert non-genomic protective activities [3].
In addition, it is accepted that βE acts cell-protectively in brain
where pre-treatment with βE reduces effects of ischemia, glutamate/
Ca2+-exitotoxicity, or β amyloid-related toxicity, as well as in otherbig K(Ca2+) channel; ER, en-
n state; PT, permeability tran-
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rights reserved.cell types like myocytes [4–6; for review see 7]. It has been suggested
that neuronal protection involves binding of βE to VDAC (voltage de-
pendent anion channel) that is present in the outer mitochondrial
membrane, but known since long to be present also in the plasmamem-
brane of brain cells [8]. In mitochondria from hippocampal neurons, βE
can also protect against cytotoxic effects of rotenone, 3-nitropropionic
acid, or antimycin A [9]. However, the underlying mechanism of the
βE-associated protection is only poorly understood. A growing body of
evidence suggests that mitochondria might be involved, e.g. by an in-
creased respiratory capacity [9]. This view is supported by a signiﬁcant
increase of the cytochrome c protein content of endothelial cells [10].
Otherwise, βE is likely to reduce the Ca2+-induced release of cyto-
chrome c from mitochondria after ischemia, an effect being indepen-
dent of the βE-receptors [3]. Finally, constituents of the respiratory
chain could be the targets of βE [3].
Moreover, a functional impairment of the respiratory chain is like-
ly to sensitize mitochondria to undergo permeability transition (PT).
PT describes the inner mitochondrial membrane-associated process,
initiated by high concentrations of Ca2+, ROS etc. or upstream stimuli
of the apoptotic cascade that causes the release of cytochrome c from
the mitochondria into the cytosol. Subsequently, cytochrome c trig-
gers the assembling of the apoptosome, which starts the downstream
events of the mitochondria-associated apoptotic cascade. PT is ac-
companied by a transient increase of matrix Ca2+ followed by col-
lapsing of the mitochondrial membrane potential. This is the
stimulus to open the permeability transition pore (in the narrow
sense, abbreviated PTP). At this stage also ions and solutes if smaller
than about 1.5 kDa will equilibrate according to concentration and
Fig. 2. Blockade of the BK-channel by βE. Single-channel recordings of the BK-channel
in control solution before βE (isotonic solution without added Ca2+), in test solution
with βE (isotonic solution without Ca2+ but with 30 μM βE) 1 min and 5 min after
switching, and in control solution after βE, 1 min and 4 min after switching, respective-
ly. In the presence of βE a transient increase of channel activity can be recognized fol-
lowed by an inhibition while still in βE. Blockade of the channel is almost complete
after washout of βE. Arrows mark the closed state of BK-channel, dashed lines mark
the fully open state. Substate not reaching the full amplitude of a completely open
channel are frequently occupied. Records are from same experiment as Fig. 1 and rep-
resentative for 4 independent experiments with similar results.
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tochondrion, the matrix starts to expend by osmotic swelling. In sum-
mary, PT causes an irreversible loss of mitochondrial function.
The open state of the PTP can be visualized by patch-clamping
mitoplasts, i.e. small vesicles of inner membrane (see Materials and
methods section). The molecular nature of this pore is still unknown.
However, it has been found that several substances are known to be
modulating the PTP. Thus, the PTP can be opened by depolarization
of the inner membrane and there is good evidence that also closing
of inner membrane K+-channels, particularly that of the BK-type,
will open the PTP [11]. The BK-channel is voltage dependent by itself
(depolarization causes opening) and it is Ca2+-sensitive in that
higher Ca2+-concentrations will open it [12].
The aim of this study was to ﬁnd out if PTP and/or the BK-channel
could be modulated by βE in a way that would contribute to explain
the cell protective effect of βE. Previous studies have shown that the
opening of the PTP is easily monitored by patch-clamping rat liver
(RL) mitoplasts and the BK-channel by patch-clamping rat
astrocyte-mitoplasts. Therefore, additional high-resolution respira-
tion measurements were performed on rat liver mitochondria
(RLM). Our results suggest that multi-factorial events are associated
with βE-related cell protection.
2. Materials and methods
2.1. Chemicals
Basic chemicals were fromMerck KGaA (Darmstadt, Germany). All
biochemicals were purchased from Sigma (Steinheim, Germany). Cell
culture reagents were from PAA Laboratories (Pasching, Austria).
2.2. Preparation of astrocyte mitochondria
Isolation of astrocytes from the embryonal rat brain has been de-
scribed by Chamaon et al. in detail [13]. Astrocytes were cultured in
DMEM supplemented with 10% fetal calf serum, 2 mM L-glutamine,
100 U/mL penicillin, 100 μg/mL streptomycin, and 10 μg/mL tylosin
at 37 °C in a humidiﬁed atmosphere with 5% CO2 (procedure de-
scribed in [14]). The cells were washed twice with Hank's BSS medi-
um. Astrocytes from 4 to 6 culture ﬂasks were then collected in
25 mL Hank's BSS medium and centrifuged for 10 min at 800×g.
The pellet was resuspended and homogenized in a solution of
250 mM sucrose and 5 mM HEPES (pH=7.2). Mitochondria were
separated from diluted proteases impurities and from the other cellu-
lar organelles by fast (9200×g, 10 min) and slow (800×g, 10 min)
centrifugation. They were then transferred into a storage solution
by centrifuging them twice for 10 min at 9200×g. The pellet was
resuspended in 1 mL of a solution containing 150 mM KCl and
10 mM HEPES (pH=7.2). All procedures were performed at 4 °C.Fig. 1. Ca2+-dependence of the BK-channel. Single-channel recordings at the indicated
Ca2+-concentrations in isotonic solution with 50 μM Ca2+, and isotonic solution with-
out Ca2+ applied both at EH=−20 mV. Arrows mark closed state of the channel,
dashed lines mark maximum current amplitude. Records are from one representative
out of 4 independent experiments.2.3. Preparation of mitoplasts and patch-clamp experiments
Mitoplasts were prepared from mitochondria of rat liver (RLM)
and of astrocytes, by suspension in a hypotonic solution (5 mM
HEPES, 0.2 mM CaCl2, pH=7.2) (described in [14]). Isotonicity was
restored by the addition of a hypertonic solution (750 mM KCl,
30 mM HEPES, 0.2 mM CaCl2, pH=7.2). A pipette of borosilicate
glass (Harvard Apparatus, Kent, UK) with a resistance of 15 to
20 MΩ was ﬁlled with isotonic solution (150 mM KCl, 10 mM
HEPES, 0.2 mM CaCl2, pH=7.2). Patches from which it was recorded
were thus either in the mitoplast-attached or (less likely) in the in-
side–out conﬁguration. We used a ﬂow system for applying the test
solution from the bath. Single-channel recording was performed by
an EPC-7 ampliﬁer (HEKA Electronics, Lambrecht, Germany). The re-
cords were low-pass ﬁltered at a corner frequency of 0.5 kHz and
sampled at a frequency of 2.5 kHz by the Clampex 9.2 software
(Axon Instruments, Foster City, CA, USA). Negative potentials are re-
ferring to the inner side of the mitoplast and inward currents are
1749A. Thiede et al. / Biochimica et Biophysica Acta 1817 (2012) 1747–1753deﬂecting downward. The holding potential (EH) is the potential to
which the membrane is clamped.
2.4. Data analysis of patch-clamp results
Datawere analyzedwith the Clampﬁt 9.2 software. The open prob-
ability (NPo) of the mtBK was calculated by using the single-channel
search mode of Clampﬁt 9.2. It was used only when the number of
channels per patch was not larger than two. The open probability Po
of the mtBK (used to calculate the effect of βE) and of the mtPTP
was determined by all-points analysis [15]. Data are presented as
mean±SEM and were analyzed with t tests (pb0.05 marked by *;
pb0.01 by **; and pb0.001 by ***). Numbers of independent patches
used for statistics (n) are given either in the results section or in the
ﬁgure legends.
2.5. Isolation of rat liver mitochondria
Procedures for animal use were in accordance with the Animal
Health and Care Committee of the State Sachsen-Anhalt, Germany.
Liver mitochondria were prepared from adult Wistar rats (RLM) by dif-
ferential centrifugation. Brieﬂy, the liver was homogenized in an ice-
cold isolation buffer containing 250 M sucrose, 1 mM EDTA (pH 7.4)
and centrifuged at 800 g for 5 min. The supernatant was centrifuged
at 5100 g for 4 min. Thereafter, the obtained pellet was resuspended
in a 250 mM sucrose medium (pH 7.4) and centrifuged at 12,300 g for
2 min. Finally, the pelletwas resuspended in a 250 mMsucrosemedium
(pH 7.4), centrifuged at 12,300 g for 10 min, and resuspended in a buff-
er containing 250 mM sucrose, 0.5 mM EDTA (pH 7.4). The BiuretFig. 3. Open probability Po of the BK-channel under the inﬂuence of βE. A) Representative
histograms by nonlinear least-square ﬁt. Areas below Gauß-curves correspond to the freq
in that state (250 μs per point). Filled arrows mark closed state, and open arrows indicate o
of βE was caused to large extent by an increased occupation of the substate. After switchin
during experiment. Bath: isotonic solution with 50 μM Ca2+; control: isotonic solution wit
squares: mean±SD. Error bars may be smaller than symbols. Po in control after βE is signiﬁ
periment as Fig. 1, representative for 4 experiments with similar results.method was used to determine the mitochondrial protein content
(20–35 mg/mL). The respiratory control ratio (state3/state 4) was rou-
tinely measured to be in the range of 6 to 12.2.6. Media
Experiments were performed in a sucrose medium (250 mM su-
crose, 10 mM HEPES, 1 mM MgCl2, 1 μM EGTA, 1 mM KH2PO4; pH
7.2). βE was dissolved in ethanol, so that a clear, colorless solution
was applied. The ﬁnal ethanol-concentration in the incubations did
not exceed 0.1% vol/vol. Measurements with 0.1% ethanol proved
that the solvent itself had no effect on mitochondrial respiration. Fur-
ther additions are speciﬁed in results or in the ﬁgure legends. Mea-
surements were done at 30 °C.2.7. Respiration
Oxygen consumption was measured in 2 ml of incubation medium
(1 mg protein/ml) using the high-resolution OROBOROS Oxygraph
(Anton Paar KG, Graz, Austria). State 3-respiration respiration was
adjusted by the application of 100 µM ADP (2 mM for measurements
shown in Fig. 8).2.8. Statistical analysis
All experiments were replicated in at least 3 independent mito-
chondrial preparations. Values±SD were compared and signiﬁcance
determined by Students t-test.amplitude histograms from which Po was determined. Gauß-curves were ﬁtted to the
uency of measurements (points) at the indicated amplitude and thus to the duration
pen state of the BK-channel and its substate. The increase of activity upon application
g back to control solution no further activity could be recorded. B) Time course of Po
hout added Ca2+; βE: isotonic solution without added Ca2+ but with 30 μM βE. Open
cantly smaller than Po in control before βE (p≤0.001). A and B are from the same ex-
Fig. 5. Time course of Po of the PTP under inﬂuence of βE shows transient increase and
subsequent decrease to zero. Effect is irreversible in control solution. Bath: isotonic
(hypo plus hypertonic) solution with 200 μM Ca2+; control (c): isotonic solution
with 200 μM Ca2+; and βE: isotonic solution with 200 μM Ca2+ and 30 μM βE. Open
squares: mean±SD. Error bars are partly smaller than size of the symbols. Records
are from one out of three representative independent experiments and are from differ-
ent experiment as shown in Fig. 4.
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3.1. BK-channel from single-channel measurements
Mitoplasts from rat astrocytes were patch-clamped in a mitoplast-
attached mode. They showed frequently square-shaped current
events with a single-channel conductance of 295±15 pS (n=13)
which is close to the value determined elsewhere [12]. When solu-
tions with rising Ca2+-concentrations were applied from the bath
side using a capillary ﬂow system its activity increased drastically.
The activity was calculated as NPo-value which decreased from
3.3±0.2 at a Ca2+-concentration of 50 μM to 0.2±0.0 at 0 μM
Ca2+, respectively. NPo was clearly voltage dependent in that it in-
creased drastically with increasing potential at the membrane inside
i.e. depolarization (Fig. 1). Single-channel conductance, increasing
NPo with depolarization and with increased Ca2+-concentration
makes it likely that the channel described here is the mitochondrial
voltage-dependent Ca2+-sensitive potassium channel, also known
as the BK-channel.
WhenβEwas added to a control solution in theﬂow systemwithout
any added Ca2+, the Po as determined by all-points analysis increased
drastically in an early phase (up to 3 min). In a later phase (recorded
up to 10 min) it was slightly reduced, however, and it did not change
anymorewhen switching back to control solution (Fig. 2). Fig. 3 demon-
strates in its upper part how Po was determined from amplitude histo-
grams and in its lower part, how Po changed during the course of the
experiment. At ﬁrst, the patch changed from the mitoplast-attached
mode (not shown) to the inside out mode, thereby exposing its Ca2+-
sensor to the higher Ca2+-concentration of the bath solution (50 μM),
resulting in a large Po. Po was drastically reduced upon switching to a
pipe with the near-zero-Ca2+ control solution (c in Fig. 3B). After
switching to the next pipe containingβE, Po increased for a fewminutes
and was then reduced to a value lower than in control. It stayed at this
level when switching back to control and even when βE was given aFig. 4. Single-channel recording of the PTP under inﬂuence of βE. A transient increase
of the channel activity is followed by a sustained decrease. Control: isotonic solution
with 200 μM Ca2+; βE: isotonic solution with 200 μM Ca2+ and 30 μM βE; and Imin
and arrows: closed state of the PTP. EH=−20 mV. Records are from one representative
out of three independent experiments.second time. Returning into the bath solution (50 μM Ca2+) caused a
slow increase of Po again that did not reach the initial bath value,
however.
3.2. Permeability transition pore from single-channel measurements
According to our working hypothesis, an open BK-channel tends
to keep the PTP closed [11]. Keeping in mind that a closed PTP may
be protective for the cell and that βE is protective by preventing the
cell from apoptosis we examined a possible effect of βE on the PTP
[16]. Fig. 4 shows single-channel records of the PTP taken at
EH=20 mV and at different times during such an experiment.
While the Po in control solution containing 200 μM Ca2+ was
0.33±0.03 (mean±SEM; 3 independent experiments), it increased
to a value of 0.44±0.04 in the presence of βE (also with 200 μM
Ca2+). Later after switching, it decreased below the initial values
approaching zero (0.21±0.03). It did not recover upon switching
back to control solution (0.06±0.01). The time course of one such
an experiment is shown in Fig. 5.
3.3. Measurements with high-resolution respirometry
The single-channel measurements with mitoplasts resulting in in-
hibition of both channels after a transitory activation do not allow
derivation of any substantial conclusion on βE effects on mitochon-
drial function. Therefore, mitochondrial respiration was measured in
sucrose medium with different concentrations of βE (n=32) and
without βE (n=50). The basic design of the experiments was similar
throughout: after measuring the respiratory rate in the absence of
added substrates the mitochondria were energized with glutamate/
malate as substrates. Thereafter, 100 μM ADP, was followed by a
bolus addition of 100 μM Ca2+ (measuring the peak and the plateau
thereafter). Finally, 1 mM NADH was added, a non-permeable solute
of the inner membrane in morphologically intact mitochondria.
The results obtained frommeasuring the respiration rates of a sin-
gle representative preparation using 30 μM βE are summarized in
Fig. 6. Results summarized from all measurements made at 4 different
βE concentrations are summarized in Fig. 7. When 30 μM βE were ap-
plied to the chamber immediately before starting the measurement,
the endogenous respiration increased to 116±25% (p=0.04;
n=17). The increase was highest already at a βE-concentration of
1 μM (184±48%, p=0.01, n=14) but it was signiﬁcant at higher
Fig. 6. Respiration of intact RLM under the inﬂuence of βE is increased during endoge-
nous respiration (ER) but decreased with ADP, Ca2+ and NADH. Mean values±SEM of
O2 uptake per volume and per time from a single preparation are shown (n=5 mea-
surements); means of all preps. are given in Results section. Endogenous respiration
(no substrate), state 2 (with 5 mM glutamate plus 5 mM malate), state 3 with
100 μM ADP, respiration after application of 100 μM Ca2+, and after 1 mM NADH, re-
spectively, are compared in control medium (sucrose, squares) and in control medium
with 30 μM βE (circles).
Fig. 7. Concentration–response relation of the mitochondrial respiration of RLM at dif-
ferent βE-concentrations demonstrates increasing inhibition with increasing βE-
concentration. At a low βE-concentration (1 μM) the respiration was increased at en-
dogenous respiration (ER), at state 2, and after Ca2+ plus NADH-application. βE had
an inhibiting inﬂuence on ADP-, Ca2+- and Ca2+ plus NADH-induced respiration at
higher concentrations (30 μM) as compared with 0 μM. Tested at 4 concentrations
(0 μM, 1 μM, 10 μM, 30 μM) and normalized to control at 0 μM βE. Number of experi-
ments are given in Results section.
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energization with 10 mM glutamate and 2 mM malate (state 2) in-
creased, as well (to 110±12%; p=0.01; n=17). Subsequently,
100 μM ADP was added for reversibly inducing phosphorylating res-
piration. Under the inﬂuence of 30 μM βE the maximal rate of this
respiration was reduced to 71±8% (pb0.001; n=17). After complete
phosphorylation of the added ADP (state 4) the difference between
βE-associated data and those of the control had almost vanished to
96±13% (p=0.4; n=17). In order to reach the maximal state 3-
respiration, 2 mM ADP was applied causing a steep increase of respi-
ration to a plateau (Fig. 8). Under the inﬂuence of βE, however, this
plateau was strongly decreased to only 60±17% (pb0.001; n=17;
not shown).
The ﬁnding that βE partly inhibits the respiration of mitochondria
oxidizing complex I-linked substrates, initiated us to test the respira-
tory function of complex II for a possible βE-effect, as well (Fig. 8).
Therefore, complex I was blocked by application of 1.5 μM rotenone
and, subsequently, 10 mM succinate was applied as complex II-
substrate. However, rotenone alone did not block the respiration
completely. The residual respiration was close to the level of the en-
dogenous respiration. This value was further reduced to 71±23.6%
(p=0.004; n=10) by βE. The subsequently measured succinate-
supported respiration was much higher as compared with that sup-
ported by glutamate-/malate (as it is usually observed). After subtrac-
tion of the rotenone-insensitive respiration, we took this part as the
complex II-related respiration. It was reduced by βE to 83±16%
(p=0.01; n=9), thus demonstrating that βE possesses an inhibiting
inﬂuence on complex II of the respiratory chain, as well. Taken to-
gether, βE slightly increases the endogenous respiration, however, in-
hibits the phosphorylated (state 3) respiration supported by complex
I- or complex II-related substrates.
At state 4, a bolus addition of 100 μM Ca2+ was added to the incu-
bation to initiate PT including opening of the PTP. Thereby, endoge-
nous NADH ﬂows out of the matrix compartment. Under this
condition, a subsequent addition of 1 mM NADH is known to stimu-
late strongly the respiration [17]. In agreement with the single-
channel results, respiration was signiﬁcantly reduced with βE (results
summarized in Fig. 7). Higher βE-concentrations reduced the NADH-
induced respiration at 10 μM to 89±5% (p=n.s., n=7), and at 30 μM
to 74±3% (p≤0.01, n=10). At 1 μM βE there was a slight increase to
106±4% (p=n.s., n=14).4. Discussion
There is growing evidence that βE preserves mitochondrial struc-
ture, e.g. by preventing morphological changes related to apoptosis
determined by morphological inspection, by vital staining, or by
TUNEL (terminal deoxynucleotidyl transferase mediated dUTP-
biotin nick end labeling) [18]. βE can also preserve mitochondrial
functions, e.g. by preventing Ca2+-dependent release of cytochrome
c during ischemia/reperfusion or suppressing oxidative stress [2,3].
However, objections against direct effects of βE on the respiratory
chain have been raised [3].
Despite of mitochondria being a possible target of the lipophilic
βE, it has been speculated that βE may bind to VDACs known to
exist in plasma membranes as well as in the outer mitochondrial
membrane [19]. It has been tested if VDAC is a constituent of lipid
rafts [20]. However, these authors state that lipid rafts do not contain
mitochondrial proteins, and that mitochondria do not contain lipid
rafts.
In the study presented here, possible effects of βE on mitochondri-
al parameters were examined, in order to get additional insight into
the nature of the βE-associated protection of mitochondria during pe-
riods of ischemia/reperfusion. We paid attention particularly to the
effect of βE on the PTP and on the functionally connected BK-
channel. As high mitochondrial energization stabilizes mitochondria
against opening of the PTP in general, we were additionally interested
in a possible effect of βE on the respiratory chain complexes. The PTP
and the respiratory complexes were studied in RLM or their mito-
plasts, respectively. We chose this preparation due to the large num-
ber of PTPs in the inner membrane, and as it has been extensively
studied before so that comparison of our results with earlier measure-
ments is possible [15]. Since the BK-channel is poorly present in RLM,
mitoplasts from a non-neoplastic rat astrocyte cell line were applied
for its examination [13]. These mitoplasts are known to contain a
larger number of BK-channels [21].
The concentration range of βE applied in our study was derived
from previous reports [6,22–24]. Valverde et al. studied βE effects
on BK-channels in an oocyte expression system where they
obtained Michaelis–Menten-kinetics with a half-maximal concen-
tration (EC50) of 2.6 μM [23]. This corresponded to an inhibitory
concentration IC50 of 2.2 μM for inhibition of the vascular smooth
muscle contraction in different mammalian species [24]. In cul-
tured human brain microvascular endothelial cells treated for
Fig. 8. βE causes an increase of the respiration after complex I-substrate application
and inhibition of the ADP-induced respiration (state 3). The respiration after addition
of the complex I-inhibitor rotenone and the complex II-substrate succinate is also di-
minished by βE. Two representative experiments without (black) and with 30 μM βE
(red) are shown. Arrows mark application of: 30 μM βE (only red curve), 10 mM gluta-
mate, 2 mM malate, 100 μM ADP (ADP1), 2 mM ADP (ADP2), 1.5 μM rotenone, and
10 mM succinate, respectively. Upper ordinate gives time course of measurement
without βE and lower ordinate of that with βE. Records are from one representative ex-
periment. 2 experiments out of 9 did not show an effect of βE.
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ready at 10 nM βE. These effects were mediated by ERα only [10].
A striking result of our experiments with RLM was that the endog-
enous respiration was highly signiﬁcantly increased to 184% by 1 μM
βE, and also 10 and 30 μM caused an increase, though smaller. Fur-
thermore, when mitochondria were supplied with high concentra-
tions of complex I substrates (glutamate plus malate; state 2), there
was still an increase to 122% by 1 μM βE. Higher concentrations of
βE did not enhance respiration. A possible explanation for such an in-
creased respiration could be a slight permeabilization of the inner
membrane by 1 μM βE to protons. The phosphorylating complex
I-dependent respiration, however, was increasingly diminished by
βE at the higher concentrations (Fig. 6–8). Together with an only
minor change of the respiration under the inﬂuence of the complex
I-inhibitor rotenone, these observations would be in agreement
with an inhibition of complex I by βE. Since ßE reduced the complex
I-dependent state 3 respiration by 40% but the complex II dependent
respiration by 30% only it can be concluded that indeed Complex I is
partially inhibited by ßE but also one or more of the further com-
plexes (II, III, IV or the ATP-Synthase) are affected.
Rotenone-related respiration was not expected to reach zero
because of the activity of the rotenone-insensitive NADH oxidase
that has been described in the outer membrane of rat liver mito-
chondria [25,26]. Whereas the non-phosphorylating glutamate/
malate-dependent respiration (state 2) was slightly increased by
1 μM, βE diminished the phosphorylating respiration (state 3) in
a concentration-dependent manner. It was reported previously
that 100 nM βE failed to prevent the Ca2+-induced inhibition of
state 3 respiration while 50–100 μM βE reduced state 3 respiration
by about 30–50% [3]. In conclusion, low concentrations of βE increase
the non-phosphorylating respiration with complex I substrates, while
higher concentrations gradually abolish this effect, indicating an addi-
tional site of action by βE partly inhibiting the electron ﬂux. Such a
scenario would be supported by a major study on rats in which a pro-
tective effect of low βE-concentrations is accompanied by a detrimen-
tal effect of high βE-concentrations [27]. Also Moreira et al. ﬁnddeleterious effects in that 25 μM βE impairs respiration and oxidative
phosphorylation in RLM [28]. They claim that it is complex I, but
not complexes II, III, or IV of the respiratory chain that are affected
by a decrease of state 3 respiration [29].
Moreover, BK-channels are consisting out of the two subunits BKα
and BKβ. Kinetics, Ca2+-sensitivity, and afﬁnity of the BK-channel to
toxins are modulated by BKβ. Ohya et al. therefore suggested that
BKβ would contain the binding site for βE [6]. We demonstrate here
that βE increased Po of the mitochondrial BK-channel in astrocytes
during the ﬁrst minutes after βE-application which ﬁts to earlier re-
sults on cardiomyocyte mitochondria [6]. However, we show also
that an extended application ﬁnally leads to a reduction of Po, in
some experiments to a value of zero. This is different from earlier ob-
servations on BK-channels from the plasma membrane of aortic
smooth muscle cells, and on oocytes expressing both BK subunits.
At these preparations, it has been described that βE binds to the
BKβ-subunit, thereby activating the BK-channel [23]. This constitutes
a βE-induced mechanism that is not mediated by βE-receptors and
thereby affecting gene expression but uses a channel itself as the re-
ceptor. However, this effect is absent in skeletal myocytes [23]. Val-
verde et al. applied βE through the measuring pipette [23]. It could
thus be that βE acted much shorter on the BK-channel than in our ex-
periments where the mitoplast was exposed to βE for several mi-
nutes. The later decline of activity we have seen may have escaped
their detection.
The activity of the PTP, measured as the probability of being in the
open state, showed a transient increase before it was completely and
irreversibly blocked by 30 μM βE when measured by single-channel
techniques on RL mitoplasts. It is known that ROS can increase the
Po of the PTP and that this ROS effect is inhibited by βE [10].
A result ﬁtting to our single-channel result was obtained by mea-
suring respiration of intact RLM. Thus, 30 μM βE decreased the
NADH-induced respiration highly signiﬁcant to about 74%. It cannot
be excluded that part of the reduction of the NADH-response by βE
(shown in Fig. 6) is due to a possible βE-effect on complex I. How-
ever, the Po-values from the single-channel experiments show, after
an early increase against time, a slow decrease to near-zero which
corresponds to the respiratory results. Similarly, it has been ob-
served that tamoxifen could prevent Ca2+-induced mitochondrial
swelling, collapse of the mitochondrial membrane potential and ma-
trix Ca2+-release, all signs of a blockade of the PTP [30]. Further-
more, 4-hydroxytamoxifen and βE were earlier shown to block
Ca2+-induced PT in cardiac mitochondria of the rat [3]. Inhibition
of the PTP is known to be cell protective [31,32; for review: 33].
Thus, inhibition of the PTP described here may be in any way the
basis for the protective effect of βE.
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